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Considerable work has been done on the equilibria of water and electrolytes 
of the body under normal and under experimental conditions.  Goldblatt and 
his  coworkers  (1,  2)  produced  experimental methods for the production of 
renal "ischemia" in animals and as a result it is now possible to study the dis- 
tribution of water and electrolytes between blood and skeletal muscle of ten- 
ally abnormal dogs.  The data obtained should indicate the possibility of any 
disturbances  in body equilibria.  In view of these possibilities,  experiments 
were carried out (1) to obtain data on the water and electrolyte equilibria in the 
blood and muscle of dogs with abnormal renal circulation resulting in hyper- 
tension, and (2) to observe the changes in the equilibrium between serum and 
tissue following an increase in total body water.  The latter may be regarded 
as a  study of acute edema of muscle tissue in experimental hypertension. 
For the sake of simpler interpretation, the system with which this study deals 
may be considered to consist of muscle cells (intracellular phase) surrounded 
by an interstitial fluid (extracellular phase) which are in osmotic equilibrium 
with the blood plasma.  The limitations of such a  consideration are fully rea- 
lized.  It has always been assumed  that under normal metabolic conditions 
the intracellular phase of skeletal muscle contains no chloride, and that under 
normal conditions the inorganic ions do not move across the barrier between 
the extracellular and  intracellular phases  of the muscle.  This  condition of 
functional permeability exists only as long as the normal metabolic state of 
the muscle is maintained.  Therefore, in these experiments on dogs with ab- 
normal renal circulation we must assume the existence of the normal metabolic 
state of the skeletal muscle. 
Physiological Procedures 
The dogs selected  for these experiments were tractable animals which could be 
trained to lie quietly on a board for 1 hour while the blood pressures were being taken. 
They were maintained in metabolism cages on a diet of meat and globe dog chow for 
the 3 weeks preceding the operations and during the experimental period.  The con- 
trol mean blood pressures of the dogs were taken at 3 day intervals for 2 weeks before 
the dogs were operated.  The mean blood pressure  was  recorded on a  kymograph 
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by means of a  mercury manometer connected through a large glass cannula with a 
gauge 18  needle, which was introduced by direct puncture into the femoral artery. 
A 2.5 per cent sodium citrate solution was used as the anticoagulant in the system. 
The blood pressure tracings were generally run  10 to 15 minutes with each arterial 
puncture, or for a  sufficient time to allow the blood pressure to be stabilized.  The 
weights of all of the dogs were between 9 to 15 kilos and their control mean blood 
pressures between 110 and 130 ram. Hg. 
After the normal blood pressure of each animal was established the constriction 
of the renal arteries according to the Goldblatt technique (1) was carried out.  The 
bilateral constriction of the  renal arteries was  generally performed in two  stages. 
That  is, one renal artery was first partially clamped approximately ~  to  ~  turn 
from zero.  10 to 14 days later the other renal artery was clamped the same extent. 
On the operated animals weekly mean blood pressures were recorded.  The animals 
that developed a  mean blood pressure of 180 ram. Hg and upwards were classed as 
hypertensive.  Nembutal anesthesia was used in all operative procedures.  If the 
dogs did not develop hypertension with the first clamping, a  second approach was 
tried and the clamp tightened ~  to ~  turn more. 
The animals with experimental renal "ischemia" of the Goldblatt type were main- 
rained for a  month or so in order that the effects of their renal abnormality on the 
distribution of fluids in the blood and skeletal muscle could be ascertained. 
For the injection experiments, all dogs were anesthetized with nembutal.  The 
blood pressure was  continuously recorded from  the carotid artery throughout  the 
injection.  A  cannula was introduced into the femoral artery, 20 cc.  of blood were 
taken under oil for serum analyses, and  10 cc. of whole blood were defibrinated for 
whole blood analyses.  One rectus abdominis muscle was then removed for the initial 
analyses. 
The animals received an intravenous injection of 170 cc. per kilo of body weight 
of a normal isotonic salt solution consisting of 129 rnM of NaCl +  25 I~  of NaHCO,. 
The injection of this solution which was warmed to 38 ° was given by gravity at a 
rate of 40 cc. per minute.  30 minutes after completing the injection of the isotonic 
solution, blood and the opposite rectus abdominis muscle were removed for the final 
analyses.  The urine was collected during the entire experimental period, and the 
peritoneal fluid was removed from the cavity following the termination of the experi- 
ment, in order to measure the volumes of these fluids and to determine the sodium 
and chloride concentrations. 
The  muscle  when  removed  from  the  dog was  quickly placed in  a  large glass- 
stoppered weighing bottle.  It was then wiped with gauze, placed on tile, and trimmed 
quickly to remove all visible connective tissue, blood vessels, and fat.  The muscle 
was returned to the weighing bottle, minced with scissors, and  aliquot parts were 
weighed for all analyses. 
Chemical Methods and Calculations 
The  following determinations were  made  on  the  serum:  pH,  total  CO,,  water, 
chloride, sodium, and potassium; on the whole blood, water, chloride, sodium, potas- 
sium, and cell volume; on the skeletal muscle, fat, water, chloride, sodium, potassium, 
and content  of blood.  All muscle analyses were corrected for neutral fat  (3)  and LILLIAN EICHELBERGER  207 
circulating  blood  (4).  The chemical methods and procedures  used  were the same 
as those employed in former studies  (3, 5). 
The analytical  data were  subjected  to the  same  method of calculation  as used 
previously  (6) to estimate  the phase  volumes  of skeletal  muscle.  Briefly, 
(CI)M X  (H20)s X  1000  (F)= 
1.04 X (Cl)s 
in which (F) represents  the amount of extracellular  phase per kilo of muscle and the 
subscripts  M  and S  represent  muscle and serum  respectively.  From the value for 
(F), the intracellular  phase  (C)  of 1 kilo of muscle was estimated  by the equation 
(C)  --  1000 -  (F).  From the values  for (C)  the intracellular  water  (H20)c was 
estimated  by the equation  (H20)c  =  C  -  (S)  in which  (S)  represents  solids per 
kilo of musde. 
RESULTS 
The following protocol described the facts of one representative experiment. 
All other dogs in this series were treated in a similar way. 
Dog 11 H, weight  12.4 kilos with a  control mean femoral blood pressure  of 120 
ram. Hg, had the left renal artery partially clamped (Goldblatt  technique) on June 12, 
1941, and the right renal artery partially clamped on June 22.  On July 1, the mean 
femoral blood pressure was 140 to 142 mm. Hg.  On July 8, the blood pressure was 
145 mm. Hg.  On July 15, the second approach to left renal artery found the clamp 
reversed  ~  turn; turned clamp down  ~  turn.  On July 21, the blood pressure was 
160 to 165 mm. Hg.  On July 28, the blood pressure was 175 to 178 mm. Hg.  The 
blood pressure remained at the level of 190 to 200 mm. Hg for 2 months.  On Septem- 
ber 15, the weight of the dog was 13.0 kilos, and the blood pressure was 220 to 223 
ram. Hg.  The dog was given nembutal anesthesia.  Blood and muscle were removed 
for initial  analyses.  The total body water of the dog was increased  by the intra- 
venous injection by gravity of 2300 cc. of saline solution containing 129 m~ of NaC1 -t- 
25 mK of NaHCOs.  Blood and the opposite rectus abdominis muscle were removed 
for final  analyses.  The  dog  was  then  sacrificed.  Autopsy showed a  left  kidney 
weighing  25  gin.  with  some necrosis  and  a  right  kidney weighing 36 gm.,  which 
appeared  normal. 
Analytical Data on Serum and Muscle.from Eight Hypertensive Dogs 
Values for Constituents of Serum and Muscle.--In Table I  are presented the 
values in detail for 5 hypertensive dogs and the mean values for 8 dogs.  In 
Table II a summary of the average analyses of serum and muscle from normal 
and hypertensive dogs is given, the normal averages being included for com- 
parison.  When the findings from the hypertensive dogs are compared with 
those from normal dogs the greatest differences are found in the skeletal muscle 
values.  Increases are shown in the total water of 1.2 per cent, in the chloride 
of 12.3 rn~, and in the sodium of 13 m_M per kilo of muscle.  The potassium 208  HYPERTENSION 
was  16.4  mM lower  than  in  the  normal animals.  These  findings  suggest  a 
greater  extracellular phase volume, accompanied by a  lowered intracellular 
TABLE I 
Analysis of Serum and Muscle from Hypertensive Dogs 
All values are expressed  ~r kilo of fat-free, blood-free muscle. 
Dog No. 
H ...... 
:02, mM per liter.. 
hO, gin. per kg .... 
~,I, mM per kg  ...... 
[a,  mM per kg .... 
:, mu  per kg  ...... 
'rotein, gm. l~er 
kg  ............... 
;lood,  c¢. per kg... 
7 
(180 nun.)* 
7.33 
25.05 
921.0  786 
108.9  31.1 
136.'/  43.0 
3.03  80.4 
61.5 
70 
H  9H 
(180 mm.)* 
Serum  8  Serum  ~  Serum 
7.38  7.20  7.33 
27.17  24.20  24.40 
916.2  801  908.5  793  926.1 
104.3  35.7  104.5  43.3  111.3 
132.6  48.3  131.0  55.6  138.8 
4.61  82.9  4.57  64.6  3.72 
64.7  73.8  59.6 
41  88 
11 H  12 H 
(230 ram.)*  (190 ram.)* 
o 
786 
29.1 
39.5  9/ 
16H 
(200 ram.)* 
Serum 
7.3 
29.2 
)20.6 
L06.6 
L33.5 
3.6 
61.3 
Mean of 8 dogs 
_o  o 
7.3(  3.09 
25.01  2.23 
91  919.4  15.8  787  8. 
33.l  107.9  2.6  30.7  6. 
47.~  134.9  3.1  42.0  7. 
70A  3.8.~ 0.48  82.0  9. 
64  68  20 
* Mean blood pressure. 
Standard deviation. 
TABLE II 
Average Analyses of Serum and Skeletal Muscle from Normal and Hypertensive Dogs 
The muscle values are corrected for fat and blood. 
~ormal dogs* 
Serum.. 
Muscle 
[ypertensive dogs 
Serum.. 
Muscle. 
HtO 
gm. 
per kg. 
922.0 
5.1 
775.0 
8.6 
919.4 
5.8 
787. 
8.4 
CI 
mM 
per kg. 
107.1 
2.3 
18.41 
3.6 
107.9 
2.6 
30.7 
6.2 
Na 
mx¢ 
per kg. 
141.2 
3.5 
29.0 
6.0 
134.9 
3.1 
42.0 
7.8 
mM 
per kg. 
3.95 
0.40 
98.4 
7.5 
3;85 
0.48 
82.0 
9.4 
Blood 
CC. 
per kg. 
71 
11 
68 
20 
(F) 
gm, 
per kg. 
154 
27 
252 
56 
{HsO}c 
gm. 
lOet kg. 
736 
9 
714 
17 
* From Eichelberger and Roma (8). 
:~ Standard deviation. 
water volume.  In fact, the mean extracellular phase volume per kilo of skele- 
tal muscle from the hypertensive dogs averaged 254 gm. or a  65 per cent in- 
crease over the values for a  kilo of normal muscle.  Such an increase  could 
not be obtained when normal dogs were subjected to large increases in total LILLIAN EICHELBF.RGER  209 
body water, produced by the intravenous injections of 170 cc. per kilo body 
weight of isotonic salt solutions (7).  For example, such an injection produced 
an increase in the extracellular phase from the normal 155 gm. to 207 gm. per 
kilo of normal muscle, or a 35 per cent increase.  Therefore, the increase in the 
volume d  the extracellular phase obtained in the hypertensive dogs must be 
considered significant. 
Most of the 65 per cent increase in the hypertensive dogs was the result of 
a transference of water from the intraceUular phase, since the volume of intra- 
cellular water  (H20)c per kilo of muscle in the hypertensive animal was 532 
gm., the normal value being 620 gm.  This low intracellular water gives by 
calculation a value of 71.3 per cent for intracellular water per kilo of muscle 
ceils, which is lower than the value of 74.1 per cent in normal muscle. 
TABLE III 
Distri~tion of Potassium between Blood Plasma and tke Muscle Phases in Hypertenslve Dogs 
The values are given in millhnoles  for fat-free, blood-free  muscle. 
Normal serum* 
Hypertensive 
serum 
~r 
Per 
kg. 
4.0 
0.1 
3.7 
0.4 
Per  I  Per 
I~)  kg.  fluid 
4.411 4.1  c. 
0.24  0.1~ 
4.20  3.9', 
0.57  0.5: 
Normal muscle 
o" 
Hypertensive 
muscle 
Per  n  (F) 
kg. 
0.54 
7.  0.15 
82.  1.02 
9.  0.32 
In  (Cl 
96.6 
7.5 
81.C 
9.7 
'er  kg.[ Per kg. 
(c)  I (H..O)c 
110.51 151.0 
7.01  9.0 
107.3[ 151.2 
8.0[  12.4 
* Data from Eichelberger  and McLean (9). 
:~ Standard deviation. 
Despite  the  apparent  low  concentration  of potassium  per  kilo  of whole 
muscle, its calculated concentration, either per kilo of muscle cells or per kilo 
of intracellular water, was found to be unchanged.  Table III shows the potas- 
sium data,  both analytical and calculated, of the plasma and of the muscle. 
The normal values are included for the purpose of comparison. 
The Effect of an Increase in Total Body Water on the Volume Pkases of Skeletal 
Muscle from Hypertensive Dogs 
A study was made of the effect of an increase in total body water as produced 
by the intravenous injection of 170 cc. per kilo body weight of an isotonic salt 
solution containing 129 m_~ of NaC1 -b 29 m~ of NaHCO8 on the phase volumes 
of skeletal muscle from these experimental dogs.  Table IV gives one  represent- 
ative experiment from the group of 8 dogs.  From the experimental data  of 
this kind, a  summary of the phase volume data of muscle from all animals is 
presented in Table V.  The calculated data for 5 dogs are given in detail along 
with  the mean values for 8  dogs.  The initial phase volumes represent the 210  ~rP~.RT~NSION 
phases of 1 kilo of muscle from the hypertensive animal.  The final volume 
represent the phases of 1 kilo of muscle following the large increase in to 
body water.  In order to calculate the absolute change in volume in the initial 
muscle phases, the solid content of the intracellular phase has to be assumed 
to be constant.  Such a  calculation gave the  (M)/ values.  These absolute 
mean values showed that an increase of 103  gin. per kilo of control muscle 
(A M) had occurred, of which 55 gin. was attributed to the extracellular phase 
and 58 gin. to the intracellular phase.  Thus, in these hypertensive animals 
in which acute edema is produced experimentally in the skeletal muscle, about 
TABLE  IV 
Changes  in  Blood  and  Muscle  of Hypertensive  Dogs after Injection  of Isotonic  Salt Solution 
Solution injected,  129 mM of NaCI +  25 mM NaHCOs. 
Serum.  Initial .......... 
Final ........... 
Blood.  Initial ........... 
Final ............ 
Peritoneal fluid, per liter... 
Urine, per liter ........... 
Muscle.  Initial .......... 
Final ........... 
Dog 7 H.  Weight  10.6 kg.; 0.1802 cc. injected; peritoneal fluid 8 cc.; 
urine 788 cc.  Blood pressure,  control 180 nun.; final, 180 nun. 
pH  CO2  H20  C1  Na  K  Protein  Blood 
mM  gm.  mM  mM  [  mM  gm.  [  ¢c. 
,er  liter  er kg. i per kg.  per kg. [ ~er kg. ] per kg. [ per kg. 
7.33  25.05  )21.0108.9  136.71 3.03  61.5 
I 
7.48  24.81  )40.2i117.3  144.6  2.22  44.3 
Weigh|  Cell  I 
of I cc  zolume 
gin.  ,er  cent  120.5  6.19 
1.05~  42.9  798.13  90.3 
1.04:  35.0  ~31.0  99.2  130.5  5.45 
125.8  152.51 
123.2  114.___4  [ 
Muscle values corrected for fat and blood 
786  31.15  43.0 80.4  71  25: 
806141.101  56.3]69.2  88  31' 
(F) 
253 
317 
can be attributed to the swelling of the muscle cells and  lz~ to an increase 
in the volume of interstitial fluid.  It must be noted also that the percentage 
of water per kilo of cells increased from a  low value of 71.3 to 73.0 per cent, 
or nearly the normal value of 74.1 per cent. 
DISCUSSION 
Throughout the interpretations of the analytical data of these experiments 
it has been assumed that the skeletal muscle ceils are not permeable to chloride 
ions.  In the interpretation of the data from the animals in which the renal 
circulation was disturbed in order to produce high mean blood pressures, these 
two  questions  arise: Has  there been  any  change  in  capillary permeability? 
Has there been damage to muscle cells so that they become permeable to chlo- TABLE  V 
base Volume Data from Hypertensive Animals beforo and after lncrease in Total Body Water 
~  ~-  extracdlular phase +  intracellular phase per kilo of muscle. 
I~')  =  gin. of extracellular phase per kilo of muscle. 
i  ~I-I,O)c  =  gm. of intracellular water per kilo of muscle. 
{I-I,O}c  gin. of water per kilo of muscle cells. 
(S)  =  soIds of intracellular phase. 
(M)s  =  tbsolute final weight of the initial phase of muscle after the increase in total 
body water. 
,x  =  differences between values before injection (initial) and the absolute values following 
injections (M)/. 
All vain~s are expressed per kilo of fat-free, blood-free muscle.  Solution injected, 129 mM 
of NaA1 q- 25 mE of NaI-ICOB. 
Dog 7 muscle 
Inifia.. 
Final. 
(Mh. 
A 
Dog 8 muscle 
Initial. 
Firal. 
A 
Dog 9 muscle 
Initial. 
Final. 
(Mh.. 
m.,. 
M 
gm. 
looO 
looO 
1104 
+104 
looO 
looO 
1176 
+176 
loo0 
1000 
1158 
+158 
~) 
gm. 
253 
317 
350 
+93 
196 
241 
284 
+88 
301 
350 
407 
+106 
(tt20)C 
gm. 
533 
489 
540 
+7 
576 
565 
664 
+78 
5OO 
474 
552 
+52 
(s) 
gm. 
214 
194 
214 
228 
194 
228 
199 
176 
199 
Dog 11 muscle 
Initial. 
Final.. 
(m)f.. 
Dog 13 muscle 
Initial. 
Final. 
(M)I. 
A  .........................  , 
loo0 
loo0 
1068 
%68 
looO 
loo0 
Iloo 
+100 
219 
258 
284 
+65 
362  431 
338  467 
362  499 
000  +68 
559 
540 
594 
+35 
207 
195 
207 
222 
202 
222 
{H~O}e 
gm. 
713 
716 
+3 
716 
744 
+28 
714 
735 
+21 
676 
707 
+31 
716 
728 
+12 
Mean of 8 dogs 
Initial... 
0 "$ " 
(Mh 
0 '~  .  . 
A 
1000 
1103 
42 
+103 
254 
54 
309 
59 
+55 
532 
47 
580 
57 
+58 
214 
8 
713 
15 
730 
14 
17 
* Standard deviation. 
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ride?  These questions cannot be answered directly, but there is evidence from 
the experimental data which suggests that neither eventuality is tree.  When 
the extracellular phase of skeletal muscle is calculated from the chloride space, 
the resultant intraceUular phase is of the magnitude indicated by the potassium 
concentrations found in the muscle.  Although the mean potassium concentra- 
tion per kilo of whole muscle was 82.0 rn~  (15.1  m~ lower than in normal 
muscle), the calculated concentration per kilo of muscle cells, or per kilo of 
cell water, was the same as in normal muscle (Table III).  In other words, the 
potassium concentrations that were found and the concentrations that were 
calculated from the derived muscle phase volumes validate the hypothesis. 
Assuming, therefore, that there has been no or little damage to the muscle 
cells as a result of the hypertension, the calculated distribution of water in the 
muscle of these animals shows that there has been  a  redistribution o~ water, 
involving a shift from the muscle cells to the extracellular compartment.  In 
Table II it was noted that there was an increase in sodium and chloride and 
also some increase in total water.  Since sodium and chloride are extracellular 
ions and since their concentrations in the serum were within normal deviations 
it is apparent that an increase in the volume of interstitial fluid per kilo of 
muscle must have taken place.  In the presence of a  slightly increased total 
water content most of this increase could occur only by a  shift of water from 
the cellular compartment.  This water, equilibriating with the interstitial fluid 
of the body, would therefore account for the increased sodium and chloride 
values found in the muscle. 
The shift of water from the cellular compartment to the interstitial fluid 
must have been the result of a  decrease in osmotic pressure within the cells. 
Since the osmotic pressure of the intracellular fluids is largely determined by 
the concentration of potassium and since the potassium content of the muscle 
was found to be low, a  shift in water resulted. 
Therefore, these dogs with  abnormal  renal circulation resulting  in experi- 
mental  hypertension  possessed  an  extracellular  edema  in  skeletal  muscle 
equivalent to 254 gm. per kilo of muscle, an increase in volume of 65 per cent 
over that found in normal dog muscle. 
The next logical step is the question of how these hypertensive dogs dis- 
tribute their excess total body water in skeletal muscle.  After the hyperten- 
sive animals were subjected to large increases in total body water, it was found 
that both the extracellular phase and also the muscle cells swelled considerably. 
Even though extracellular edema was already present in this muscle previous 
to the injection there was a  gain of 55 gm. of extracellular fluid per kilo of 
muscle following the injection, producing a total extracellular fluid volume of 
309 gm.  Occurring simultaneously with this gain in extracellular fluid there 
was a mean gain of 58 gm. in the intracellular fluid, making a total gain of 103 
gm. of water per kilo of the original muscle. LILLIAN EICHELBERGER  213 
It mustbe noted that the muscle cells swelled only enough for the percentage 
of water ~er kilo of cells to reach a value nearly equal to the value of normal 
muscle.  In other words, from a viewpoint of normal values, although an extra 
58 gm. of water shifted into the muscle cells,  this was not yet enough to equal 
the volume usually found in normal muscle cells. 
The plesent data indicate that under the conditions of the increases in total 
body water in these experiments there was an attempt by the body to restore 
the mus:le cells to a normal water and electrolyte equilibrium accompanied by 
an accumulation of fluid in the interstitial spaces, or in other words an acute 
extrace/lular edema. 
SIY~rMARY 
The effect of an abnormal renal circulation and a resulting hypertension on 
the distribution of water and electrolytes in skeletal muscle of dogs was as fol- 
lows: (1)  By analysis of the muscle the total content of sodium and chloride 
was f~und increased and the total potassium content decreased.  (2)  A redis- 
tribution of water occurred in the muscle involving a  shift of water from the 
muscle cells to the extracellular phase.  The calculated mean values per kilo 
of muscle were, extracellular phase (F)  =  254,  q- 54 gm.; intracellular water 
(H~0)c =  532, -4- 47 gm., and total solids (S) =  214, -4- 8 gm.  This extracellu- 
lar phase volume of 254 gm. represents an increase of 65 per cent over that 
found in normal dog muscle. 
After subjecting the hypertensive dogs to large increases in total body water 
produced by the intravenous injection of normal isotonic salt solution, the total 
bulk of 1 kilo of muscle increased a mean average of 103 gm. of which one half 
was attributed to the extracellular phase and the other half to the swelling of 
the muscle cells. 
Whether the changes found in this study are the result of the functional dis- 
turbances caused by the experimental renal abnormalities, or the hypertension, 
or a  combination of both is uncertain at this time.  The significance of the 
results is that there is quantitative evidence that a redistribution of water has 
occurred in skeletal muscle so that a real extracellular edema exists. 
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